Growth cones and neurites of chicken dorsal root ganglia neurons cultured on laminin, Ng-CAM, or axonin-1 exhibit substratum-dependent morphology and growth patterns which are accompanied by distinctive distributions of axonin-1 and Ng-CAM in the growth cone membrane. On either Ng-CAM or axonin-1 substratum, both Ng-CAM and axonin-1 were depleted from some areas of the apical growth cone membrane. In contrast, on laminin, both axonin-1 and Ng-CAM remained randomly distributed. Removal of axonin-1 from growth cones resulted in a blockage of neurite outgrowth on both Ng-CAM and axonin-1 substrata, indicating that in these neurons axonin-1 cooperates with Ng-CAM in the activation of axon growth. Based on these results possible molecular models for cooperation between axonin-1 and Ng-CAM on the growth cone are discussed. ᭧
INTRODUCTION
gested to act as a marker for preferential pathways for elongating axons. Second, Ng-CAM expressed on growth cones was found to have a receptor function in neurite outgrowth Axonal growth along prespecified pathways and the estabpromotion on two substrata, Ng-CAM (Lemmon et al., lishment of synaptic connections with a selected group of 1989) and axonin-1 (Kuhn et al., 1991) . Accordingly, Ngtarget neurons are thought to involve surface proteins on CAM expressed on growth cones was postulated to be a growth cones which function as sensors for signals that are crucial molecule in axonal pathfinding based on this dual presented along the pathways or mark particular target substratum recognition capacity and therefore its potential cells. In the past decade, a series of surface glycoproteins to integrate more than one environmental signal (Kuhn et have been reported to be involved in axon growth and guidal., 1991; Sonderegger and Rathjen, 1992) . Axonin-1, a hetance (Bixby and Harris, 1991) . Some of them were discussed erophilic substratum for receptor Ng-CAM, also belongs to as signals marking pathways for elongating axons. These the Ig/Fn III family of axonal glycoproteins (Zuellig et al. , signals can be perceived as either attractive or repulsive by 1992). In contrast to Ng-CAM, which contains a transmemgrowth cones. Other molecules were identified as receptors brane domain, axonin-1 is glycosylphosphatidylinositol for these guidance cues and therefore were postulated to be (GPI)-anchored (Zuellig et al., 1992) . In addition to its activimportant for the sensor function of the growth cone. One ity as a neurite growth-promoting substratum, axonin-1 has of these proteins is the neuron-glia cell adhesion molecule several interesting, but not yet fully understood, functions. (Ng-CAM), a neuronal surface glycoprotein of the immuno-
The quantitatively predominant form of axonin-1 is found globulin/fibronectin type III (Ig/Fn III) family (Burgoon et dissolved in the cerebrospinal and vitreous fluid of the emal., 1991; Grumet, 1992) . It was first found to act as a neurite bryo (Ruegg et al., 1989b; Stoeckli et al., 1991) . For soluble growth-promoting substratum when present on the surface axonin-1, an anti-adhesive function and therefore a growth of axons (Rathjen et al., 1987; Lagenaur and Lemmon, 1987;  regulatory role has been postulated (Stoeckli et al., 1991) . Chang et al., 1987 Chang et al., , 1990 . Therefore, Ng-CAM was sugIn view of the fact that membrane-bound axonin-1 present on growth cones does not contain a transmembrane or a cytoplasmic domain and because of its binding to Ng-CAM, rinsed once more with PBS and the cells were plated immediately sented here, we tried to elucidate whether axonin-1 has a either as dissociated neurons or as intact ganglia.
regulatory role in Ng-CAM-mediated neurite growth. We
As a control for the coating, protein adsorbed to the culture focused on the events in the growth cone membrane prior to dishes under different coating concentrations was subjected to imthe triggering of an intracellular signal resulting in neurite munofluorescence staining and the relative fluorescence intensity outgrowth (for a review of intracellular signaling mecha- (RFI) was measured with a confocal microscope using FITC optics.
nisms see Doherty and Walsh, 1994) . We found that axonin- and mixed-component coating were less than 10%. Patterned substrata were generated by placing 1.5-mm-wide silicone stripes (Sylgard 184, Dow Corning, Midland, MI) on the circu-
EXPERIMENTAL PROCEDURES
lar coating area before application of 15-ml laminin solution. The coating procedure was as described above. After removing the silicone stripes the whole area was covered with the second protein
Purified Proteins and Antibodies
(axonin-1 or Ng-CAM, respectively). Concentrations of the coating Secreted axonin-1 was purified as described earlier (Ruegg et al., solutions were 75 mg/ml. The contiguity of the substrata at the 1989a). Ng-CAM was affinity purified from 14-day-old chick emboundary and the absence of double coating were verified by immubryo brain membranes using a monoclonal antibody provided by nostaining of coated substrata using goat antisera against axoninDr. Fritz Rathjen (Zentrum fü r Molekulare Neurobiologie, Uni-1 or Ng-CAM, respectively, and rabbit antiserum against laminin. versitä t Hamburg, Germany) (Rathjen et al., 1987) . Laminin was purchased from GIBCO-BRL Laboratories (Gaithersburg, MD). Antibodies against axonin-1 and Ng-CAM, respectively, were raised in Immunocytochemistry goat and rabbit as described earlier (Ruegg et al., 1989a) . Antibodies Dissociated cells were grown for 20 hr prior to fixation, whereas against laminin were raised in rabbit. IgG and Fab fragments were intact DRGs were cultured for 50 hr. Fixation of cells for the stanprepared as previously described (Stoeckli et al., 1991) .
dard immunostaining procedure was in 2% paraformaldehyde and 0.1% glutaraldehyde added as a concentrated solution prepared in 50 mM sodium cacodylate buffer at pH 7. Cultures were fixed over-
Cell Cultures
night, washed twice with PBS, and incubated in 10% FCS in PBS (FCS/PBS) for at least 30 min prior to the addition of the first antiDorsal root ganglia (DRG) were dissected from 10-day-old chick body. For the staining of axonin-1 and Ng-CAM on the surface of embryos as described in Sonderegger et al. (1985) . Ganglia were growth cones, goat antisera diluted 1:500 in FCS/PBS were used. cultured in a serum-free defined medium either as dissociated neuIncubation was at 37ЊC overnight. To enhance the fluorescence rons or as explants. The medium used for all cultures was composed signal, a second antibody raised in rabbit against goat IgG (Kirkegof Eagle's minimal essential medium with Earle's salts (GIBCOaard and Perry Laboratories, Gaithersburg, MD) diluted 1:500 in BRL Laboratories), 5 mg/ml serum albumin (Albumax from FCS/PBS was used. As a third antibody FITC-labeled goat anti-GIBCO-BRL Laboratories), 100 mg/ml transferrin, 20 ng/ml nerve rabbit IgG (1:250 in FCS/PBS) obtained from Cappel (Organon Tekgrowth factor, 10 mg/ml insulin, 20 ng/ml triiodothyronine, 40 nM nika, Turnhout, Belgium) was applied. Incubations of second and progesterone, 200 ng/ml corticosterone, 200 mM putrescine, and 60 third antibodies were for 2 hr at room temperature. After each nM sodium selenite. If dissociated neurons were cultured, cells incubation period cultures were washed with FCS/PBS for 30 to were plated at low density (14,000 cells/cm 2 ) in order to obtain 45 min. isolated neurons without contact to each other or to nonneuronal cells. For some experiments either Fab fragments or antiserum against axonin-1 or Ng-CAM, respectively, was added to the me-
Measurement of Fluorescence Intensity
dium during the entire culture period. Fab fragments from goat IgG were used at a final concentration of 250 mg/ml, whereas rabbit or Fluorescence intensity on the apical growth cone surface for axogoat antiserum was used at a final dilution of 1:250 to 1:100.
nin-1 or Ng-CAM staining, respectively, was quantified using an Culture dishes were coated with axonin-1, Ng-CAM, laminin, or MRC-600 confocal microscope and the COMOS software Version mixtures of axonin-1 and Ng-CAM. Twenty microliters of a solu-6.02 from Bio-Rad Laboratories (Hercules, CA). Growth cone surtion containing 75 mg/ml of the protein(s) to be coated as a substrafaces were scanned using FITC filters and a 25X immersion objectum was spread on a circular area of 50 mm 2 . If less than 1500 ng tive. of axonin-1, Ng-CAM, or laminin, respectively, was to be coated, a solution of 75 mg/ml of bovine serum albumin was added to a final protein concentration of 1500 ng/50 mm 2 . If mixtures of pro-
Measurement of Growth Cone Areas
teins were to be coated, the respective volumes of protein solutions were mixed in a test tube prior to application onto the culture dish.
Growth cone areas were measured from pictures of growth cones taken on a Zeiss confocal microscope in either FITC or phaseCulture dishes were coated by incubation with the substratum solution at 37ЊC for 2 hr. After rinsing them twice with PBS their contrast mode using a 40X immersion objective. The areas of the growth cones were calculated using the image analysis software remaining capacity to adsorb protein was blocked by incubation with 10 mg/ml ovalbumin for at least 30 min. The dishes were MCID/M2 from Imaging Research Inc. (Ontario, Canada) . the cells were dehydrated in an aceton series, dried by the critical Immune Electron Microscopy point method (CO 2 ), sputtered with gold, and examined with a SEM Intact DRGs were cultured in defined serum-free medium as 505 (Philips). detailed above. However, for EM, Thermanox coverslips (Nunc, Kamstrup, Denmark) were used instead of culture dishes. To make the substratum proteins adhere to the coverslips they were preRemoval of Axonin-1 from Neuritic Membranes coated with nitrocellulose (Schleicher & Schuell, Feldbach, Swit- To remove GPI-linked membrane proteins 100 mU/ml phosphoizerland) dissolved in methanol (Merck, Darmstadt, Germany). Covnositol-specific phospholipase C (PI-PLC) from Bacillus cereus erslips were air-dried, washed with water, and coated as detailed (Boehringer Mannheim, Mannheim, Germany) was added to the above with axonin-1, Ng-CAM, or laminin, respectively. DRGs medium during the entire culture period. Where indicated, goat were fixed after 50 hr in culture in 2% paraformaldehyde, 1% gluantiserum against axonin-1 was added at a dilution of 1:100. taraldehyde at 37ЊC overnight. The ganglia were prepared for immunostaining by rinsing them three times with 10% FCS in PBS for a total of 40 min. To allow penetration of the antibodies, the cultures were treated with 0.1% Triton X-100 in FCS/PBS for 5 (Fig. 1a) pH 7.4. Peroxide was produced by glucose oxidase in the reaction were on average more than twice as large as those of neurons mixture. DRGs were postfixed with 1% osmiumtetroxide (Serva grown on Ng-CAM (Fig. 1b) or laminin (Fig. 1c) , as indicated The average length of the filopodia was 8.3 { 0.3 mm. On laminin is reduced compared to that in the apical membrane may axonin-1, the filopodial length was not significantly differbe due to a limited access of antibodies to the substratum-facing ent (8.8 { 0.2 mm); however, the number of filopodia normembrane rather than an active exclusion of axonin-1 and Ngmalized to the growth cone area was 23% higher. On Ng-CAM. However, since on axonin-1 and Ng-CAM substratum the CAM, the filopodia were shorter with an average length of staining of both axonin-1 and Ng-CAM was more pronounced in 5.9 { 0.2 mm (t test; õ0.001), but the number of filopodia the substratum-facing membrane under the conditions used, we
RESULTS
per area was about the same as that on axonin-1 (26% higher are most likely underestimating the level of staining and therefore than on laminin).
the amount of actual accumulation of either axonin-1 or Ng-CAM.
Axonin-1 and Ng-CAM Substrata Elicit Distinctive Scanning Electron Microscopy
Patterns of Distribution of Growth Cone Axonin-1 and Ng-CAM Cultures were grown as described for immune EM. However, glass coverslips were used instead of Thermanox coverslips. Fixa-
The distribution of axonin-1 and Ng-CAM on the apical tion was in 0.25% glutaraldehyde in 0.12 M sodium cacodylate, surface of growth cones was compared for embryonic DRG 
1d-1i). Low-density cultures of dissociated neurons were
The specimens were then postfixed successively with 1% osmium tetroxide, 1% tannic acid, and 2.5% uranylacetate. Subsequently stained for surface-exposed axonin-1 or Ng-CAM by indirect FIG. 1. The morphology of growth cones and the surface distribution of axonin-1 and Ng-CAM were substratum-dependent. (a -c) Scanning EM of growth cones of DRG explants cultured on axonin-1 (a), Ng-CAM (b), and laminin (c). A typical growth cone for each substratum is shown. Growth cones on axonin-1 were symmetrical with a large lamellipodium (a). On Ng-CAM substratum, the growth cones were much smaller and varied in shape (b). Growth cones on laminin mostly showed a club-like morphology (c). See text for details. Bar, 10 mm. (d-i) Immunocytochemical detection of axonin-1 and Ng-CAM on the surface of growth cones from dissociated DRG neurons growing on axonin-1 substratum (d and g), on Ng-CAM substratum (e and h), and on laminin substratum (f and i), respectively. The cultures subjected to indirect immunofluorescence staining for axonin-1 (d-f) and Ng-CAM (g-i) were inspected with fluorescence filters for FITC on a confocal microscope. On an axonin-1 substratum, axonin-1 was completely absent from the apical growth cone surface, reflected by the absence of any staining from the growth cone including the filopodia (d). Ng-CAM was found in a patchy distribution (g); some areas of the growth cone surface showed a high staining intensity, whereas other areas were depleted of Ng-CAM. Patchy distributions for both axonin-1 (e) and Ng-CAM (h) were found on an Ng-CAM substratum. Axonin-1 was cleared from areas predominantly located in the center of the growth cone (e). The depletion of Ng-CAM was more prominent, indicated by larger areas devoid of any Ng-CAM staining (h). The areas without Ng-CAM staining were not confined to the growth cone center; however, filopodia were always stained. On laminin substratum, both axonin-1 (f) and Ng-CAM (i) were homogeneously distributed. Under all conditions neurites were always stained, except for axonin-1 substratum, where axonin-1 was also depleted from single neurites, but not from fascicles (not shown). Bar, 10 mm.
immunofluorescence and visualized with a conventional or which promotes neurite outgrowth by integrin receptors (Tomaselli et al., 1986) , both axonin-1 (Fig. 1f) and Ng-CAM a confocal microscope. Depending on the substratum, marked differences were found in the distribution of axonin-( Fig. 1i) were homogeneously distributed. On Ng-CAM substratum, both axonin-1 (Fig. 1e ) and Ng-CAM ( Fig. 1h ) were 1 and Ng-CAM on the growth cone surface. On laminin, cleared from some surface areas, resulting in a patchy staining pattern. The areas cleared of axonin-1 were generally smaller than the areas cleared of Ng-CAM and were located in the center of the growth cone surface, whereas the remaining axonin-1 occupied the edges of the lamellipodia and the surface of the filopodia. The filopodia were always stained with both anti-axonin-1 and anti-Ng-CAM antibodies. On axonin-1 substratum, virtually no axonin-1 was detectable on the entire apical growth cone surface, and the filopodia were also completely free of axonin-1 (Fig. 1d) . In contrast, a considerably less pronounced reduction of Ng-CAM was observed (Fig. 1g) ; in some of the growth cones on axonin-1 the distribution of Ng-CAM on the apical surface was almost homogeneous, whereas in others some areas depleted of Ng-CAM were observed. On all growth cones residing on axonin-1, the edges of the lamellipodia and the filopodia exhibited Ng-CAM staining. It is noteworthy that in most cases the distal part of single neurites on The distribution of axonin-1 and Ng-CAM was also visudetermined for at least 20 growth cones of each substratum condialized with conventional fluorescence microscopy. The retion (mean { SEM) using a confocal microscope. The depletion of axonin-1 from the apical growth cone membrane was concentrasults were identical to the observations made at the confotion-dependent on an axonin-1 substratum, with low concentracal level. Furthermore, we recorded z-series and made sure tions having a lesser effect. No concentration dependence was that the pinhole was adjusted appropriately to rule out the found for Ng-CAM and laminin substrata. The values found on possibility that the patchy distribution or the absence of Ng-CAM were much lower than the ones on laminin, reflecting staining was due to insufficient focal depth to visualize the the depletion of axonin-1 from some growth cone areas (compare entire apical growth cone surface.
the patchy distribution on Ng-CAM with the staining on laminin,
The changes in the amount of surface axonin-1 depending
Figs. 1e and 1f, respectively).
on the type and amount of the substratum molecule adsorbed to the culture dish were quantified using indirect immunofluorescent staining followed by photometry (Fig.  2) . On all concentrations of Ng-CAM coated, the average tivity was detected on the substratum-facing surface of the growth cone. Ng-CAM in the substratum-facing membrane concentration of axonin-1 on the apical growth cone surface was considerably lower than that found on growth cones of growth cones on axonin-1 substratum was detectable, but an accumulation comparable to that of axonin-1 could residing on laminin. The reduction of axonin-1 on the growth cone surface was greatest on axonin-1. Increasing not be observed (Fig. 3b) . This is in accordance with the immunofluorescence staining seen with the confocal miconcentrations of axonin-1 offered as substratum were correlated with decreasing amounts of axonin-1 on the apical croscope ( Fig. 1g) , where Ng-CAM was found depleted only from small areas of the apical growth cone surface. In congrowth cone surface. The concentration of Ng-CAM on the surface of growth cones also varied depending on the subtrast, on an Ng-CAM substratum, Ng-CAM was markedly accumulated in the substratum-facing membrane and stratum, with values being lowest on Ng-CAM and highest on laminin (data not shown). The reduction of growth cone strongly reduced on the apical growth cone surface (Fig. 3d) . Axonin-1 reduction on the apical growth cone membrane Ng-CAM was not concentration dependent on Ng-CAM substratum.
was not as pronounced as that observed when growth cones elongated on an axonin-1 substratum. Axonin-1 was detectIn order to test whether the absence of axonin-1 from the apical growth cone surface on an axonin-1 substratum was able in the substratum-facing membrane (Fig. 3c ), but did not accumulate strongly as found on an axonin-1 substradue to a decrease in expression, an internalization, or a redistribution of surface axonin-1, we investigated the distum. This is in accordance with the quantification data shown in Fig. 2 and the results seen for the immunostained tribution of axonin-1 and Ng-CAM on the surface of growth cones at the immune EM level (Fig. 3) . In sections through growth cones visualized with the confocal microscope (Fig.  1e) , where axonin-1 was cleared only from some areas of growth cones perpendicular to the substratum we found that on an axonin-1 substratum, in accordance with the the apical growth cone surface. When neurites were growing on a laminin substratum via integrin-mediated signaling, immunofluorescence stainings observed with the confocal microscope, the apical growth cone surface was devoid of axonin-1 and Ng-CAM were most prominent on the apical membrane, the substratum-facing membrane exhibiting axonin-1 (Fig. 3a) . However, strong axonin-1 immunoreac-
FIG. 3.
Immune electron microscopic localization of axonin-1 and Ng-CAM on growth cones showed an accumulation of axonin-1 and Ng-CAM in the substratum-facing growth cone membrane on both axonin-1 and Ng-CAM substratum. DRG explants were cultured on axonin-1 (a and b), Ng-CAM (c and d), and laminin (e and f) substratum. After fixation the cells were permeabilized with Triton X-100 and subjected to preembedding immunocytochemical staining with polyclonal antibodies to axonin-1 (a, c, and e), Ng-CAM (b and d), or nonimmune serum (f), respectively. Peroxidase-conjugated antibodies were used for visualization. Growth cones on axonin-1 substratum (a and b): Intense staining for axonin-1 was found on the substratum-facing membrane of the growth cones (a), whereas no axonin-1 was found at the apical surface. In accordance with the confocal image (Fig. 1g) , the reduction of growth cone Ng-CAM (b) at the apical surface was less pronounced compared to that of axonin-1. Growth cones on Ng-CAM substratum (c and d): In agreement with the immunostaining the redistribution of growth cone axonin-1 to the substratum-facing area was less pronounced in this case (c); growth cone Ng-CAM showed strong accumulation at the substratum contact area (d), with marked depletion at the apical surface. Growth cones on laminin substratum (e and f): Strong axonin-1 staining was found in the apical growth cone membrane (e); axonin-1 was not accumulated in the substratum-facing membrane. Under the conditions used for the experiment shown here, the amount of axonin-1 in the substratum-facing membrane is rather underestimated (see text for details). No staining was seen in either the apical or the substratum-facing membrane using a nonimmune serum (f). Magnification, 12,0001. less axonin-1 (Fig. 3e) and Ng-CAM immunoreactivity (not shown). The amount of axonin-1 and Ng-CAM staining in the substratum-facing membrane was dependent on the level of permeabilization of the growth cones. If the permeabilization time was increased, the staining of both axonin-1 and Ng-CAM in the substratum-facing membrane was more pronounced (not shown); however, the tissue preservation was dramatically reduced. Under the conditions used in the experiment shown, the amount of axonin-1 and Ng-CAM in the substratum-facing membrane is rather underestimated.
The immuno-EM results correlate very well with the immunostaining shown with the confocal microscope. The accumulation of axonin-1 in the substratum-facing membrane was strongest on an axonin-1 substratum, where the depletion from the apical growth cone surface was most dramatic (Figs. 1d and 3a) . Similarly, Ng-CAM was concentrated in the substratum-facing membrane on an Ng-CAM substratum (Figs. 1h and 3d) , where the disappearance from the apical growth cone surface was stronger than that on axonin-1 substratum. The correlations between the confocal and the EM levels suggest that axonin-1 and Ng-CAM accumulate in the substratum-facing membrane of the growth cone at the expense of the remaining growth cone membrane. A strong accumulation in the substratum-facing membrane is linked to a pronounced depletion from the apical growth cone membrane, as found for axonin-1 on an axonin-1 substratum and for Ng-CAM on an Ng-CAM substratum, respectively. The time course of a growth cone's response to a substraaxonin-1 (a). Neurites extending from laminin onto Ng-CAM tum change was investigated with DRG explants in culture stained for Ng-CAM distribution (b). The growth cones assumed dishes in which two substrata, namely laminin and Ngthe typical distribution of axonin-1 and Ng-CAM, respectively, CAM or laminin and axonin-1, were coated adjacent to each after they crossed the substratum boundary, whereas collaterals other. Under both conditions, the DRG explants were culwith growth cones still on laminin showed a random axonin-1 or tured until the growth cones of the extending neurites had Ng-CAM distribution. This indicated a local, substratum-induced reached or just crossed the boundary onto the adjacent subeffect on the distribution of axonin-1 and Ng-CAM on the growth stratum (Fig. 4) . Neurites extending from the laminin subcone surface. stratum across the border to an adjacent area coated with axonin-1 (Fig. 4a ) exhibited growth cones that had cleared axonin-1 from their apical surface, whereas growth cones that had not yet reached the substratum boundary still encing short delays of up to 10 min. The neurite growth rates we determined from these time-lapse experiments showed a laminin-type distribution of surface axonin-1. A similar redistribution of Ng-CAM was observed when the were 1 mm/min on laminin, 0.24 mm/min on Ng-CAM, and 0.22 mm/min on axonin-1. These values are comparable to growth cones crossed from a laminin substratum onto one composed of Ng-CAM (Fig. 4b) . These changes in axonin-1 the growth rates determined by Lemmon et al. (1992) for retinal ganglion cells. Based on the growth rate, the possible or Ng-CAM distribution, respectively, were observed as soon as about 50% of the growth cone was on the new delay at the border, and the fact that more than half the growth cone had to have crossed the border, we determined substratum. Concomitantly the morphology of the growth cones changed from a laminin type to an axonin-1 or Nga time span of less than 1 hr for the redistribution of axonin-1 or Ng-CAM, respectively. CAM type, respectively. Similar observations were made with retinal ganglion cell growth cones crossing a laminin/ The redistribution of axonin-1 and Ng-CAM on the growth cones which had crossed the border did not influ-L1 border (Burden-Gulley et al., 1995) . In our time-lapse studies we did not observe growth cones collapsing at the ence the distribution on growth cones of collaterals of the same neurite that had not yet reached the substratum border. However, we also found some growth cones experi-boundary. This is demonstrated in Fig. 4a for axonin-1 on outgrowth was due to a surplus of the axonin-1 component in the substratum. growth cones of a neurite extending one branch on laminin and another one on axonin-1. An analogous result for Based on the fact that the binding of anti-axonin-1 antibodies to growth cone axonin-1 in cultures on an Ng-CAM growth cone Ng-CAM is shown in Fig. 4b for a neurite with one growth cone on laminin and one on Ng-CAM. Thus, substratum did not affect neurite outgrowth, we conclude that the inhibitory effect of anti-axonin-1 antibodies on the redistribution of growth cone axonin-1 and Ng-CAM is a locally controlled reaction to the substratum encountered growth cones residing on a mixed axonin-1/Ng-CAM substratum resulted from their binding to the axonin-1 compoby the individual growth cone. nent of the substratum. Since Ng-CAM used as a substratum is capable of stimulating neurite growth alone, we con-
Growth Cones Growing across Substratum Borders

Functional Evidence for a Combined Action of
clude that the blocking effect of anti-axonin-1 antibodies
Axonin-1 and Ng-CAM at the Substratum Level:
on axonin-1/Ng-CAM mixtures indicates an intimate asso-
Anti-Axonin-1 Antibodies Block Neurite
ciation of axonin-1 and Ng-CAM at the substratum level.
Outgrowth on Mixed Axonin-1/Ng-CAM Substratum, but Not on Ng-CAM Alone The Depletion of Axonin-1 from the Apical Growth
In an attempt to establish a functional relevance of the
Cone Membrane Is not Dependent on an
distinctive distribution pattern of axonin-1 and Ng-CAM,
Interaction of Growth Cone Axonin-1 with the
we added anti-axonin-1 or anti-Ng-CAM Fab fragments at Substratum a final concentration of 250 mg/ml to the culture medium of dissociated DRG neurons growing on different substrata. As shown above, neurite outgrowth on an Ng-CAM substratum was not inhibited by the presence of anti-axoninOn laminin substratum neither axonin-1 nor Ng-CAM was involved in neurite outgrowth, as indicated by the absence 1 Fab fragments (Fig. 5h) . When growth cones of neurites grown on Ng-CAM in the presence of anti-axonin-1 Fab of any inhibitory effect of either anti-axonin-1 or anti-Ng-CAM antibodies (Kuhn et al., 1991) . In contrast, on both fragments were immunostained for axonin-1, we found that axonin-1 had been cleared from the apical surface (Fig. 6a ). axonin-1 (Figs. 5d-5f ) and Ng-CAM substratum (Figs. 5g-5i) neurite outgrowth was mediated by Ng-CAM, since antiThis is the same axonin-1 distribution as that found on an Ng-CAM substratum without Fab fragments (see Figs. 1e Ng-CAM antibodies blocked neurite growth on both substrata (Figs. 5f and 5i, respectively) . Anti-axonin-1 antibodand 3c, respectively), indicating that the Fab fragments changed neither the growth pattern nor the redistribution ies blocked neurite growth on an axonin-1 substratum (Fig.  5e ), but not on an Ng-CAM substratum (Fig. 5h) . If axoninof surface axonin-1 on an Ng-CAM substratum. Likewise, no redistribution of growth cone axonin-1 of neurites elon-1 and Ng-CAM were offered as a mixed substratum (Figs. 5a-5c) neurite outgrowth was blocked by anti-Ng-CAM angating on laminin was induced (Fig. 6b) . Fab fragments of the same polyclonal anti-axonin-1 antiserum have previously tibodies (Fig. 5c) . Surprisingly, in the case of a mixed substratum, neurite outgrowth was also blocked by anti-axobeen demonstrated to block the binding of polystyrene beads coated with Ng-CAM to axonin-1 on the surface of nin-1 antibodies (Fig. 5b) . This was unexpected, since a homophilic Ng-CAM/Ng-CAM interaction would not be DRG neurites (Kuhn et al., 1991) and to prevent the aggregation of myeloma cells mediated by homophilic interaction affected and seemed to be sufficient in the case of a pure Ng-CAM substratum in the presence of anti-axonin-1 antiof heterologously expressed recombinant axonin-1 (Rader et al., 1993) . This strongly suggests that the binding of antibodies (Fig. 5h) . A small excess of axonin-1 over Ng-CAM in the coating solution could be ruled out as an explanation axonin-1 Fab fragments to axonin-1 exposed on the surface of growth cones prevents the trans-mode interactions to for this unexpected finding. For the coating of a mixed axonin-1/Ng-CAM substratum axonin-1 and Ng-CAM were substratum Ng-CAM in the present experimental situation. Therefore, the trans-binding of growth cone axonin-1 to mixed in a test tube prior to application to the culture dish. Therefore we had to eliminate the possibility that a small substratum Ng-CAM appears not to be a requirement for neurite outgrowth on Ng-CAM. excess of axonin-1 could have dominated the growth behavior, assuming that axonin-1 and Ng-CAM in the coating solution would have blocked each other by pairwise molec-
Removal of Growth Cone Axonin-1 Results in a ular interaction and, as a result, would have prevented each
Blockage of Neurite Outgrowth on Single-
other from functioning as a growth promoting substratum.
Component Ng-CAM Substratum, but Not on a
However, this seemed not to be the case, since such a small Mixed Axonin-1/Ng-CAM Substratum excess of axonin-1 left as the neurite growth promoting activity would not have resulted in the morphology and To test whether growth cone axonin-1 is necessary in the activation of neurite growth, GPI-anchored proteins were neurite length observed according to dose-response experiments carried out previously with axonin-1 to establish the removed from cultured neurons by PI-PLC added to the culture medium at the time of plating. On both axonin-1 working concentration used for coating in neurite outgrowth experiments. Furthermore, a twofold molar excess and Ng-CAM substratum, but not on laminin, neurite growth was PI-PLC-sensitive. To show that the blockade of of Ng-CAM over axonin-1 in the coating solution did not change the result, making it highly unlikely that the neurite neurite outgrowth under these conditions was due to the If DRG neurons were cultured on an Ng-CAM substratum in the presence of PI-PLC, they attached well but most of them did not develop neurites (Figs. 7d and 7e) . The average neurite length in the presence of PI-PLC was reduced to 12.7% of the control value, indicating that neurite growth on Ng-CAM substratum is PI-PLC-sensitive. However, if together with the PI-PLC anti-axonin-1 antibodies were added to the culture medium at the time of plating, the neurons were capable of extending long neurites (Figs. 7f  and 7g ) with an average neurite length that was not significantly different from the control value on Ng-CAM substratum (109% of control). The fact that neurite growth can be rescued by specifically preventing the removal of axonin-1 from the growth cone surface indicates that the activation of a growth promoting signal on Ng-CAM substratum depends on the participation of growth cone axonin-1. In contrast to neurite outgrowth on Ng-CAM, neurite outgrowth on mixed axonin-1/Ng-CAM substrata was not blocked by removal of growth cone axonin-1 by PI-PLC (76.4% of control without PI-PLC; Figs. 7h and 7i). Neurite growth was blocked, however, when DRG neurons were cultured on an axonin-1 substratum in the presence of PI-PLC (reduction to 8.3% of control; Figs. 7k and 7l ). The persistence of neurite growth on mixed axonin-1/Ng-CAM substratum in the absence of growth cone axonin-1 must be due to a relation of Ng-CAM with axonin-1 at the substratum level. whereas outgrowth on laminin is not (Kuhn et al., 1991; and Fig. 5f ). Furthermore, we show that a redistribution of the surface molecules axonin-1 and Ng-CAM accompanies neurite outgrowth on both axonin-1 and Ng-CAM subremoval of axonin-1, we tried to selectively protect axonin-1 from cleavage by PI-PLC. This was achieved by concomistrata. The quantification of fluorescence intensity on the apical membrane of unpermeabilized growth cones clearly tant addition of polyclonal anti-axonin-1 antibodies together with the enzyme (Figs. 7c and 7f) . In this case a indicates a strong substratum dependence. On axonin-1 substratum, axonin-1 was completely cleared from the apisubstantial proportion of axonin-1 resisted cleavage by PI-PLC, as demonstrated by fluorescent secondary antibody cal growth cone membrane, whereas Ng-CAM was depleted only from some areas. Conversely, on an Ng-CAM substra- (Fig. 7c) . Since neurite growth was rescued when axonin-1 was not removed together with other GPI-anchored protum, it was Ng-CAM that was cleared from large areas of the apical surface of the growth cone, whereas axonin-1 was teins, we concluded that axonin-1 was the essential component responsible for the sensitivity of neurite growth to depleted from smaller areas. The immuno-EM results from permeabilized growth PI-PLC.
cones showed a strong accumulation of axonin-1 in the subsuggested to represent the major driving force for cluster formation (Bloch, 1992) . stratum-facing membrane of growth cones on axonin-1, and likewise, a strong accumulation of Ng-CAM in the substraHomophilic trans-binding also seems to be the major driving force for Ng-CAM clustering on Ng-CAM substratum-facing membrane of growth cones on Ng-CAM was found. These results suggest that axonin-1 or Ng-CAM, retum and axonin-1 clustering on axonin-1 substratum, respectively. However, as evidenced by the antibody perturbaspectively, disappears from the apical growth cone membrane because it accumulates in the substratum-facing tion experiments, the homophilic trans-binding of axonin-1 on an axonin-1 substratum is not sufficient for neurite membrane. A homophilic interaction between the CAM in the growth cone membrane and the one presented as outgrowth, since the presence of anti-Ng-CAM blocks neurite outgrowth in this case. Similarly, the cooperation of substratum seemed to be the driving force for the observed redistribution.
axonin-1 and Ng-CAM is also required for neurite growth on an Ng-CAM substratum, since the removal of growth Evidence for a cooperation of axonin-1 and Ng-CAM in the growth cone membrane was found in neurite outgrowth cone axonin-1 by PI-PLC blocks neurite outgrowth. Based on the results presented in this study, the nature of this assays. On an Ng-CAM substratum, growth cone Ng-CAM was shown to be the receptor mediating neurite outgrowth cooperation cannot be identified with certainty. Our data are compatible with several mechanisms of axonin-1/Ng- (Lemmon et al., 1989) . However, the presence of axonin-1 in the growth cone membrane was essential. This was CAM cooperation, which is required for neurite growth on both axonin-1 and Ng-CAM substrata. concluded from the observation that the blocking effect on neurite growth by PI-PLC was reversed, if axonin-1 was One possibility is the independent signal transduction of axonin-1 and Ng-CAM across the membrane. The signaling protected from cleavage by the concomitant addition of anti-axonin-1 antibodies (Fig. 7) . On an axonin-1 substrapathways converge intracellularly and a growth promoting signal emanates only if both pathways contribute to this tum, growth cone Ng-CAM was also shown to be the receptor mediating neurite outgrowth (Kuhn et al., 1991) , but resulting signal. Alternatively, axonin-1 and Ng-CAM could transduce a single signal across the membrane which results again the removal of axonin-1 from the growth cone membrane blocked axon outgrowth. Based on these findings, we from the interaction of axonin-1 and Ng-CAM in the growth cone membrane. Based on the first hypothesis, differences discuss possible models for neurite growth on axonin-1 and Ng-CAM substrata in which cooperation of axonin-1 and in growth cone morphology seen on the different substrata are explained by a variable contribution of axonin-1-and Ng-CAM has a crucial function.
Ng-CAM-derived signaling. On an Ng-CAM substratum signaling is dominated by an Ng-CAM-derived signal, Neurite Outgrowth on both Axonin-1 and Ng-CAM whereas on axonin-1 substratum the axonin-1-derived sigSubstrata Depends on a Cooperation of Axonin-1 nal predominates. The prevailing signal determines the and Ng-CAM in the Growth Cone Membrane growth cone morphology. A functional aspect supporting this model is the absence of neurite growth if the axoninThe promotion of neurite outgrowth on either Ng-CAM or axonin-1 substrata was accompanied by a strong cluster-1-derived signaling is abolished by removing axonin-1 from the growth cone surface with PI-PLC. Paradoxically, neurite ing of Ng-CAM or axonin-1, respectively, in the substratum-facing membrane of the growth cone. In contrast, growth is not PI-PLC-sensitive on a mixed axonin-1/Ng-CAM substratum. Furthermore, the addition of anti-axoningrowth cone axonin-1 and Ng-CAM remained homogeneously distributed when neurites elongated on laminin, 1 antibodies which are capable of preventing trans-binding of axonin-1 do not block neurite growth on an Ng-CAM where neurite growth is mediated by an interaction with integrin receptors on the growth cone (Tomaselli et al., substratum. While the former cannot be interpreted by this model, the latter could be explained by assuming that axo-1986) and does not involve Ng-CAM and axonin-1 (Kuhn et al., 1991) .
nin-1 is signaling constitutively even in the absence of a binding partner or, alternatively, that axonin-1 is activated Clustering of surface molecules at cellular contact sites has been observed in a number of cell-cell contact situaby binding to the polyclonal antibodies used for all the experiments. While this cannot be completely excluded, it tions and, as discussed for cells of the immune system, could mediate the direct and specific exchange of informaseems unlikely in view of the fact that polyclonal anti-Ng-CAM antibodies obviously blocked rather than activated tion between the involved cells (Singer, 1992) . Over the past years, accumulations of surface molecules have also been Ng-CAM-derived signaling on both Ng-CAM and axonin-1 substrata. The persistence of neurite growth on a mixed found at contact sites between neural cells (Pollerberg et al., 1985 (Pollerberg et al., , 1986 (Pollerberg et al., , 1987 DiFiglia et al., 1989; Faivre-Sarrail et axonin-1/Ng-CAM substratum in presence of PI-PLC and, therefore, in the absence of growth cone axonin-1 cannot al., 1992; Bloch, 1992) , muscle cells (Rieger et al., 1985; Covault and Sanes, 1986) , and, most intriguingly, at the be explained with this model. An alternative mechanism is the combined signaling of leading edge of growth cones (Sheetz et al., 1990) . Clusters of NCAM are established in the contact area of two cells axonin-1 and Ng-CAM as a result of an interaction in the growth cone membrane (cis-interaction). In this case the expressing the neural cell adhesion molecule. In view of the homophilic binding capability of NCAM, trans-binding of persistence of neurite growth in the absence of an interaction between growth cone axonin-1 and substratum Ng-NCAM on one cell to the NCAM on the other cell was CAM (Fig. 6) is no problem, since the interaction between Based on the currently available data, both Ng-CAM and axonin-1 could conceivably respond to substratum contact axonin-1 and Ng-CAM in the growth cone membrane is and clustering in the membrane with phosphorylation. Axostill possible and a joint signal transduction would result.
nin-1, as a GPI-anchored glycoprotein, might be capable of Further evidence supporting the hypothesis that a transtransmembrane signaling by direct or lipid-mediated interinteraction of axonin-1 is not crucial in this situation is action with a putative transmembrane linker protein. Such found in the antibody perturbation experiments. The fact linkers have been suggested to relay the signal derived from that anti-Ng-CAM antibodies block neurite outgrowth on GPI-anchored molecules to intracellular nonreceptor tyroan axonin-1 substratum, but anti-axonin-1 antibodies cansine kinases (for a recent review cf. Brown, 1993). not prevent neurite growth on an Ng-CAM substratum, It is conceivable that the cis-interaction of axonin-1 and could be interpreted as that axonin-1 is not involved in Ng-CAM is required to link Ng-CAM directly or indirectly signal transduction by binding to a substratum molecule, to the signaling pathway involving the FGF receptor (Wili.e., participating in a trans-binding, but rather by modulatliams et al., 1994b) , since it has been shown that antibodies ing the signaling capacity of growth cone Ng-CAM. In this against the FGF receptor interfere with neurite outgrowth scenario an interaction of axonin-1 and Ng-CAM in the mediated by L1. However, the intracellular signaling casplane of the growth cone membrane (cis-interaction) would cade involved in axonin-1 and Ng-CAM-mediated neurite result in an ''activation'' of Ng-CAM. The ''activated'' form outgrowth is beyond the focus of this study. of Ng-CAM would be capable of transducing a signal across
The fact that in vivo axonin-1 is spatially more restricted the membrane. Trans-binding of activated growth cone Ngthan Ng-CAM during neural development seems to speak CAM to substratum axonin-1 or Ng-CAM, respectively, reagainst the general applicability of the model in which Ngsults in neurite growth. However, if the activation of Ng-CAM function requires axonin-1 as a cis-binding activator. CAM is prevented by removal of growth cone axonin-1 by However, other regulators could replace axonin-1 in areas PI-PLC, the substratum contact of growth cone Ng-CAM where it is not expressed. F11/contactin (Ranscht and no longer results in neurite growth (Fig. 7) . The nature of Dours, 1988; Brü mmendorf et al., 1989) , the closest relative the activation of Ng-CAM remains to be determined. If it of axonin-1, which has recently been demonstrated to bind involved a conformational change caused by the cis-interacto Ng-CAM (Brü mmendorf et al., 1993) and which exhibits tion with axonin-1, the persistence of neurite growth on a an expression pattern clearly distinct from that of axoninmixed axonin-1/Ng-CAM substratum in the presence of PI-1, might be another possible candidate molecule for cis-PLC could be explained by a trans-binding of activated subactivation of Ng-CAM. Alternatively, other isoforms of Ngstratum Ng-CAM with growth cone Ng-CAM.
CAM that function independently of cis-ligand activation Evidence for an activation of Ng-CAM as a requirement might exist. Further studies addressing the intracellular sigfor successful neurite outgrowth promotion is also found naling of axonin-1 and Ng-CAM as well as the molecular in studies on L1 (a molecule related to Ng-CAM) by Wong interactions of axonin-1 and Ng-CAM will be required to et al. (in press Axonin-1 in the Growth Cone Membrane and at (Williams et al., 1992) as well as on phosphorylation by an the Substratum Level as a Possibility for Dynamic erbstatin analog-sensitive tyrosine kinase (Williams et al.,
Generation of Pathway Preference
1994a). Recent evidence also implicates an activation of the FGF receptor in the signaling pathway underlying the L1-The results obtained in the studies described above suggesting functional cooperation of axonin-1 and Ng-CAM are mediated neurite outgrowth (Williams et al., 1994b) .
FIG. 7.
Neurite outgrowth depended on a cis-interaction of axonin-1 and Ng-CAM. To test whether growth cone axonin-1 was necessary for neurite outgrowth, it was removed (together with other GPI-anchored proteins from cultured neurons by PI-PLC added to the culture medium at the time of plating). As demonstrated in b, the concentration of PI-PLC was sufficient to remove axonin-1 from the growth cone surface, since DRG neurons grown on a laminin substratum in the presence of PI-PLC were virtually free of axonin-1 on growth cones and neurites (compare with a, for control without PI-PLC). However, if together with the PI-PLC, anti-axonin-1 antibodies were added to the cultures, a substantial proportion of axonin-1 resisted cleavage by PI-PLC, as demonstrated by fluorescent secondary antibody (c). Pictures were taken using a constant exposure time. Note that some surface axonin-1 was protected from removal by PI-PLC by antiaxonin-1 antibodies. Neurite outgrowth was blocked on Ng-CAM substratum (d and e) if axonin-1 was removed from the growth cone membrane. However, neurite outgrowth was unaffected if neurons were cultured in the presence of PI-PLC and anti-axonin-1 antibodies on an Ng-CAM substratum (f and g), indicating that the crucial molecule removed from the growth cone by PI-PLC in (d) and (e) was indeed the axonin-1. On a mixed axonin-1/Ng-CAM substratum the removal of growth cone axonin-1 did not inhibit neurite growth (h and i), most likely because the interaction of axonin-1 and Ng-CAM at the substratum level was sufficient. Substratum axonin-1 cannot substitute for growth cone axonin-1, since removal of growth cone axonin-1 on a pure axonin-1 substratum blocked neurite outgrowth completely (k and l). Neurite growth crucially depended on a cis-interaction of Ng-CAM with axonin-1 at either the growth cone or the substratum level. Bars, (a-c) 20 mm; (e, g, i, and l) 100 mm.
in accordance with results obtained from in vivo experito establish contact would be continually redefined at both the growth cone and the substratum (target) level on the ments addressing the role of axonin-1 and Ng-CAM in axonal pathfinding of commissural neurons in the spinal cord basis of the already existing contacts and their power to induce redistribution of axonin-1 and Ng-CAM. (Stoeckli and Landmesser, 1995) . Due to the complexity of the in vivo system it is not possible to reduce those findings to the ones from the in vitro system described here. However, cooperation of axonin-1 and Ng-CAM can be deduced
